A hyaluronic acid complex was separated from ox synovial fluid by Ogston & Stanier (1950) by ultrafiltration. This complex contained about 30 % protein, and was considered to be the form in which hyaluronic acid occurs in the native fluid; removal of the protein led to degradation. The authors concluded, from their results on the sedimentation and diffusion of this complex, that the mean particle weight is 1 x 106 and the axial ratio about 60. Their values for the intrinsic viscosity indicated an axial ratio of nearly 600, and they interpreted this discrepancy in terms of interaction of the particles. This interpretation is logically unsound, because all the values used had been extrapolated to zero concentration; under this condition there could be no interaction between particles of finite size in a uniform solution.
In this paper some new measurements of viscosity and of streaming birefringence are described. It is shown that these and the former measurements are all consistent with the hypothesis that the particle weight is about 8 x 106, the axial ratio of the order of 1, that is, the particles are nearly spherical, and that the particles are very highly solvated. These properties are, in turn, consistent with the view that the particle of hyaluronic acid complex is a flexible chain. EXPERIMENTAL All the measurements were performed on fresh samples of ox synovial fluid, collected as described by Ogston & Stanier (1950) and dialysed against a standard buffer containing 0-2M-NaCl, 0-0077M-Na2HPO4 and 0-0023M-KH2PO4; pH 7-3.
Vi8co8ity. The viscosities of various dilutions of synovial fluid were measured in a Couette viscometer, whose temperature was thermostatically controlled. A torsional damping device was also added, which greatly reduced oscillations of the inner cylinder and enabled more accurate measurements to be made. Viscosity was measured over a range of velocity gradient between 0-25 and 50 sec.-', extrapolation to velocity gradients 0 and cc being performed as described by Ogston & Stanier (1950 (Fig. 1) , where 4 is the volume fraction of solute, assuming zero solvation. The slope of these lines falls with increasing velocity gradient. The intercept of the line for zero velocity gradient at zero concentration is the intrinsic viscosity. The remarkable feature of this set of curves is that they all make nearly the same intercept at zero concentration.
The effect of temperature on the relative viscosity is small, except at the lowest velocity gradients, where a rise of temperature causes a marked fall of relative viscosity (Fig. 2) . This is illustrated also in Table 1 , where the change of log -(7rel-1) between zero and infinite velocity gradient provides a measure of the degree of viscosity anomaly. This decreases with rise of temperature, the change being almost entirely due to change of the value at zero velocity gradient. Streaming birefringence. Measurements were made on a single (pooled) sample, which was undegraded, as judged by its viscosity. The concentration of the hyaluronic acid complex, including its protein component, was 0-082 g./100 ml. The double refraction was small, and it was not possible to measure the angle of isocline (X) at a concentration below 0-061 g./100 ml. or the amount of double refraction (A') below 0-041 g./100 ml. These concentrations are high compared with those at which sedimentation and viscosity could be measured. The results are given in Table 2. DISCUSSION Evidence bearing on the axial ratio Visco8ity, 8edimentation and birefringence. The starting-point of our present interpretation was the discovery that the value of log -(X -1) at zero concentration is almost independent of the velocity gradient ( Fig. 1 ). This can mean only that the particles, at zero concentration, are nearly spherical.
It seems that the difference between the extreme 586 I95I Table 1 . log -(l. Burgers (1938, p. 144) for infinite velocity gradient, it follows that the axial ratio, assuming an elongated ellipsoid, is not greater than 3. The latter theory neglects the effect of Brownian movement, but this is unlikely to affect the conclusion that the axial ratio must be fairly small.
The very high value of the intrinsic viscosity could then be accounted for only by the assumption that the particles are very voluminous, that is, very highly solvated. It will be shown later that this is not inherently unlikely. The values of the effective specific volume V' needed to account for the intrinsic viscosity, using various assumed values of the axial ratio p and the corresponding values of v given by Mehl et al. (1940) , are given in Table 3 .
Next, using these values of V' and p, the measured value for the sedimentation constant at zero concentration (13.2 x 10-13, Ogston & Stanier, 1950) and Perrin's (1936) values for the frictional ratio f/fo, values were computed for the molecular weight M and thence for the semi-major axis a (Table 3) .
The corresponding expected values of the angle of isocline, were next calculated. The rotational diffusion constant Ob was first obtained from p and a3, using Perrin's (1934) (Table 3) enables the values ofp to be estimated (Table 2a ). The estimates based on A are the more reliable, because they are not seriously subject to the uncertainty about the viscosity, mentioned above. It should be noticed that these estimates are based on measurements at relatively high concentration; their values appear to fall with concentration, so that p might well approach 1 at zero concentration.
Di,ffuaion and oamotic pres8ure. Ogston.& Stanier (1950) found the diffusion constant to be about 1 x 10-7 between concentrations 0-06 and 0-3 g./ 100 ml. They assumed the same value at zero concentration, supposing that the variations of the entropy of dilution and of the frictional constant would be of approximately equal magnitude and opposite in sign. Experience with polymers of sarcosine (Fessler & Ogston, 1951 ) led us to investigate this matter more closely. The variation of the entropy of dilution is measured by the ratio it should now be possible to calculate the variation of diffusion constant with concentration. However, a difficulty arises over the estimation ofthe variation of the frictional constant for the case of diffusion. Fessler & Ogston (1951) have given reasons for thinking that the diffusional frictional constant ought to vary with the viscosity of the solution, measured at zero velocity gradient, and that the variation of the sedimentation constant may not be a reliable guide to it. In Fig. 3 , the predicted variations of D are shown, calculated using Huggins's theory and both the viscosity and the sedimentation constant to measuref,/fC . Although neither curvefits the experimental results very well, the divergence of the upper (viscosity) curve is far beyond the experimental error. Moreover, the value of D at zero concentration, obtained from the lower curve, is 0-065 x 1O-7 and this, combined with the sedimentation constant and V, gives a value for M of 16 x 106. The agreement of this with the value deduced from viscosity and sedimentation is fairly good, considering the assumptions involved. The use of the sedimentation constant to measure the variation of the frictional constant for diffusion (rejected by Fessler & Ogston) may perhaps be justified in this case on the grounds of the extremely large size and solvated mass of the particles. This may lead to the physical process of diffusion consisting rather of the movement of solvent into a cloud of immobile particles than of the random movement of particles through solvent; this would resemble the physical process of sedimentation, where the cloud of particles, stationary relative to one another, moves through the solvent.
The variation of the 8edimentation con8tant with concentration. Ogston & Stanier (1950) found that at low concentration 1/8 varies linearly with the concentration; the slope d(1/8)/dc (c being expressed as g./100 ml.) was 3-90 x 1013. Fessler & Ogston (1951) Table 3 . The observed value is consistent only with a small value of the axial ratio.
General di8cu88ion
All the evidence cited, summarized in Table 4 , points to the conclusion that the particles of the hyaluronic acid complex present in ox synovial fluid have a low axial ratio. From this it follows that the particles have an effective specific volume of the order of 108 ml./g. and an (unsolvated) particle weight between 8 and 9 x 106. The very large effective volume can be understood if the particles are of the nature of flexible chain polymers. Such particles are known to behave as if they were highly solvated because of the entrainment of solvent. The theories of Kuhn & Kuhn (1947) and of Kirkwood & Riseman (1948) predict that a random flexible chain particle would be nearly spherical. With a chain unit length of 6A. and weight 180 and a particle weight of 9 x 106, Kirkwood & Riseman's theory predicts a mean radius of 140 min/.
which is in fair agreement with our conclusions. Synovial fluid also resembles solutions of chain polymers in showing a marked viscous-elastic behaviour (Ogston, Stanier, Toms & Strawbridge, 1950) .
In view of the conclusion that the particles are nearly spherical, and of the slight variation of viscosity with velocity gradient at low concentration, the strong variation of viscosity with velocity gradient at higher concentrations requires explanation. This must presumably be due to interaction of the particles with each other; such interaction is indicated by the viscous-elastic behaviour and by the fact that the large particle volume leads to their being close together even at low values of weight ccncentration; for example, the volume fraction of particles reaches 1 at a concentration around 0 1 g./100 ml.
Interaction could occur by the entanglement of chains with each other, and this might lead to the linear or network aggregation of particles, both of which would increase the viscosity. Increasing the velocity gradient might have two effects, either of which would reduce the viscosity: (1) the orientation of linear aggregates parallel with the streamlines; (2) if, as is likely, the process of aggregation occupied a finite interval of time, a velocity gradient would reduce the degree of aggregation.
Since the formation of linear aggregates should markedly increase the viscosity, even at high velocity gradient (Burgers, 1938) , and since the degree of aggregation must increase with concentration, the relatively small dependence of viscosity on concentration at high velocity gradient (Fig. 1) favours the second mechanism. A rise of temperature may reduce the relative viscosity by causing disaggregation; the much greater effect of temperature on the relative viscosity at low than at high velocity gradient would then also be consistent with the second mechanism, since at high velocity gradient the particles would already be largely disaggregated. SUMMARY 1. Measurements have been made on ox synovial fluid, dialysed against buffer containing 02M-sodium chloride, 00077M-disodium hydrogen phosphate and O0023M-potassium dihydrogenphosphate (pH 7-3) of: (a) the variation of viscosity with concentration, velocity gradient and temperature; (b) the variations of the angle of isocline and the birefringence with concentration and velocity gradient at 250.
2. The results of these measurements are discussed in connexion with data on sedimentation and diffusion. It is concluded that all the evidence is consistent with the particles of hyaluronic acid complex being nearly spherical and very highly solvated; that the hyaluronic acid complex is probably a chain polymer; and that the variation of viscosity with velocity gradient can be explained in terms of interaction between particles.
